Magnetotelluric (MT) Soundings were used as part of an integrated project to map the earthquake-bearing structures in the Chi-Chi earth quake source area as soon as possible after the 21 September 1999, magni tude 7.3, Chi-Chi earthquake in Taiwan. Seventeen MT soundings were conducted and analyzed to map 2D resistivity distributions. Results show a low resistivity anomaly, less than 10 ohm-m, with depth ranging about 10-15 km below the hypocenter of the earthquake. Based on the temperature estimates from the MT resistivities, it is inferred that the main cause of this low resistivity zone is not related to high temperature, but rather to the presence of fluids in the crust. Although a localized shear stress concentra tion provoked by the tectonic escape process in the region might be used to explain the mechanism of the Chi-Chi earthquake, this study, which corre lates the resistivity model with aftershock seismicity, raises the important possibility that the fluids released though metamorphic dehydration may have been one of the most important causes of the Chi-Chi earthquake.
INTRODUCTION
On 21September,1999, at 01:47 local time, i.e., at 1747:15.79 UT on 20 September, the largest earthquake of the century (ML 7 .3) occurred "suddenly and without foreshock activ ity" in central Taiwan. Its epicenter (23.85° N, 120.82° E) was located near the town of Chi Chi from which the earthquake received its name. The depth of the Chi-Chi hypocenter was about 7 km. There was an extensive surface rupture about 85 km in total along the Chelungpu (CLP) fault with vertical thrust and left lateral strike-slip offsets. The maximum displacement 1 1nstitute of Geophysics, National Central University, Chung-Li, Taiwan, ROG 2 1nstitute of Earth Sciences, Academia Sinica, Nankang, Taipei, Taiwan, ROG 680 TAO, Vol. 11, No. 3, September 2000 of about 9.8 meters is among the largest fault movements thus far measured for earthquakes in recent t imes (Ma e t al. 1999 ). There was severe destruction in central Taiwan � ith over 2300 fatalities and 8700 injuries. Fortunately, the Taiwan Earthquake Early Warning System (Wu et al. 1999 ) operated by the Central Weather Bureau Seismological Center reported the earthquake's location, magnitude and intensity distribution within two minutes; this quick broadcast of information enabled a fast emergency response by the government.
Tectonically, Taiwan is located in a complex, active region. The Philippine Sea plate subducts northwestward along the Ryukyu trench in the north and the Eurasian plate under thrusts the Philippine Sea plate along the Manila trench in the south (Fig 1) . The Philippine Sea plate moves northwestward at the rate of approximately 8 cm/yr relative to the Eurasian plate ( Y u et al. 1997) , creating the Taiwan collision zone. This high tectonic stress in the Taiwan collisi o n zone is the main cause of this historical large earthquake on the small island of Taiwan;
A localized shear stress concentration provoked by the tectonic escape process in the region mig h t be u s ed to explain the possible mechanism of earthquakes in the foreland belt of central-western Taiwan. However, there have been numerous reports in recent years of pos sible overpressure fluids inducing earthquakes (Zhao et al. 1992; Ague et al. 1998 ). We began to conduct an investiga t ion into the geoelectric structure in the Chi-Chi earthquake source area as soon as possible after the earthquake to better understand wh a t may have triggered this earthquake and how the rupture proceeded after initiation. As we will now describe, the Chi Chi earthquake nucleatio n zones had a low resistivity anomaly, which suggests the existence of overpressurized fluids and raises the important possibility that metamorphic dehydration may have been an important cause of the Chi-Chi earthquake.
2.METHOD
To map the deep resistivity structure of the Chi-Chi earthquake source area, a tensor MT survey was carried out. V5-MT (Phoenix Geophysics, Canada) with a capability of measuring the broad band range of 384 to 0.00055 Hz was used. For acquire an MT sounding, measure ments were made using five field components including two electric fields (E and E) and . The tensor MT survey obtained two orthogonal apparent resistivities and the associated phase angle. In the 20 earth structure, p and </J are referred to as the TE mode (or E-
polarization .
. which is actually or parallel to the strike), and p and </J the TM mode (or B-
. Figures 2a and 2b show the apparent resistivity and the phase angle for each site along profile AA', respectively. It is worth noting that the phase angle plot can greatly assist in the assessment of the MT data quality of each sounding; the smoothed phase data suggest that the experimental signal to noise ratio is quite satisfactory since phase is relatively sensitive to noise disturbances. For a quantitative evaluation of the subsurface geoelectric section, the O ccam's inversion (Constable et al. 1987) , which produces a model that is maximally smooth in res i stivity struc- ._!:: e-
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]: ___( : � : / : � : The vertical scale is log10 (resistivity) in ohm-m, while the horizontal scale log10 (depth) is in meters. Note that the low resistivity anomaly at sounding 08 1 is the location of the Chelungpu (CLP) fault zone; soundings on both sides of the CLP fault zone, 080 and 083, were also affected producing about a low resistivity.
ture, was used to produce the lD model for each set of sounding data. The reasons for employ ing the Occam's inversion are: (1) the results of the Occam's inversion are very similar to a highly smoothed resistivity log and therefore easily understood, especially in the reconnais sance stage, and (2) there is no need to preset an initial model for the Occam's inversion, and the inversion results are unique. Because p xy is less affected by lateral inhomogenety than p yx' p xy was selected for lD inversion. The Occam's inversion of each sounding along pro file AA' is shown in Fig. 2c . Two findings are of particular interest: (1) although the MT soundings resolved the depths from at least 200 m (#092, #091 and #087 etc.) to more than 60km (#080 and #081, etc.), due to the instrumentation bandwidth 384 to 0.00055 Hz and geoelectrical structures of the sounding locations, better interpretations are most likely limited to the range of 1 km -20 km. (2) an interesting feature is a distinct low resistivity anomaly at sounding 081 which is the location of the CLP fault zone. Soundings on both sides of the CLP fault zone, 080 and 083, were also affected by the disturbances of the CLP fault which made them produce a low resistivity anomaly.
In order to assess the subsurface 2D resistivity structures of the Chi-Chi earthquake source area quantitatively, two W-E profiles, AA' and BB', were constructed (Fig. 3) .
RESULTS
First consider profile BB' (Fig. 3b) which crosses the Chi-Chi epicentral zone. The most significant feature obtained by means of MT is the existence of a distinct low resistivity anomaly (LRA), less than 10 ohm-m, with depths ranging about 10-15 km that extends laterally 5 km beneath the hypocenter of the Chi-Chi earthquake. Two other features in profile BB' are noteworthy evident. First, large resistivity discontinuity was re:vealed in the CLP fault zone (Fig. 3b) . The MT imaged the CLP fault as a zone of medium resistivity (100 ohm-rn) from the surface to a depth of 20 km with a dip_ gently to the west, different from the common geologic viewpoint which indicates dipping to the east. The fact is the electrical structure better reflects the fluids in the crust than the geologic structure itself. More details are discussed in the next section. Secondly, the western end of the profile (sounding 311) shows that a low resistivity anomaly might be associated with the soft and thick alluvial sediments that have a high water content.
Profile AA' (Fig. 3b) is about 40 km north of profile BB' and also passes through the CLP fault zone. Generally speaking, the geoelectric patterns of profile AA' is the northern exten sion of profile BB', i.e., a low resistivity crust is on the eastern side of the profile and a high resistivity crust is on the western side with medium resistivity (100 ohm-m), reflecting the CLP fault zone, in between. Note that both profiles lie in.the same geologic province of Tai wan, the Western Foothills, and are characterized by similar surface geological conditions; due to location difference (BB' passing through the epicentral zone while AA' is far away from the epicentral zone), however, the profiles do not show the same order of the LRA. The presence of a shallow upper crustal conductor (LRA) located underneath the epicentral region (Fig. 3b) is clearly brought out. 
DISCUSSION
A variety of factors could result in high electrical conductivity in the crust, e.g., fluids, carbon/graphite, partial melt, high temperature etc. (Jones 1987) . For the purpose of verifying the assumption that the low resistivity in the uppercrust of the Chi-Chi area may possibly have its origin in enhanced temperature, the transformation of resistivity to the temperature was calculated (Fig. 4) . The relationship between electrical conductivity and the temperature in rocks was discussed by Keller and Frischknecht (1966) . Accordingly, 
1E-3 0 500 1000 1500 Temperature (deg c) Fig. 4 . Temperature estimates based on MT resistivities and rock types (Keller and Frischknecht 1966) . If the LRA (low resistivity anomaly) beneath the Chi-Chi earthquake was caused by merely the enhanced temperature, the temperature should have been as high as 750-1300°C. However, the rise in temperature beneath the Western foothills is far below this tem perature range; thus, the most probable cause of the LRA is fluids. (1)
where Ti s absolute temperature; k is Boltzman's constant ( 1.38x10-3ev/°C); parameters A1 and A2 are determined by the number of ions available for conduction and their mobility through the lattice; and U1 and U2 are the activation energies required to liberate these ions.
Values for the parameters of a variety of rocks are given in Table 1 . The relationship between resistivity and temperature was calculated and is plotted (Fig. 4) . Broadly speaking, the higher the temperature, the lower the resistivity observed. In addition, different rock types just shift their curves along the resistivity axis, but their shapes mostly remain the same (except for andesite).
If the LRA beneath the Chi-Chi earthquake was caused by the enhanced temperature alone, the temperature should have been as high as 750-1300° C. However, only an approxi mate 300°C or lower rise in temperature at the depth of 9 km beneath the Western foothills was reported, based on petroleum exploration (Suppe 1981) . This temperature rise could not have been great enough to produce such a low resistivity anomaly. The detectable LRA in the upper crust beneath the Chi-Chi earthquake would have, therefore, required the presence of other factors.
Lithological heterogeneity in the crust could cause anomalies in resistivity, but it is subtle below 300°C (Fig. 4) . The fact is that bulk resistivities from the surface to more than a 15-km depth in a normal crust are controlled by aqueous electrolytic conduction by way of pores, fractures, faults and shear zones (Ward 1990 ). Due to the high sensitivity of electromagnetic exploration for fluids in rocks, we should ascribe the most probable cause of LRA to fluids or magma reservoirs. Near the Chi-Chi region there is no active volcano (Ho 1975) . Therefore, we strongly suggest that the LRA in the Chi-Chi area be not related to a magma reservoir, but rather to the presence of fluids in the crust. One possibility for the origin of fluids is through the dehydration of the crust. This has previously been suggested as an explanation for the common occurrence oflow resistivities in the continental crust (Jones 1987) . Hyndman (1998) and Gough (1992) also pointed out that for areas that were reactivated in the Phanerozoic period, fluids might be the most likely cause of anomalously high conductivity.
The Chi-Chi area is located in transition from a thrust regime in the Central Range to an Table 1 . Parameters defining the temperature dependence ofresistivity in solid electrolytes (Keller and Frischknecht, 1966 This localized shear stress concentration provoked by the tectonic escape process in the region may explain the mechanism of the Chi-Chi earthquake. In the meantime, the dehydration of metamorphic rocks may have taken place supplying the fluids and, consequently, reducing the resistivity of the rocks. If the permeability of the rocks in the reaction zone was low and kinetic reaction overstepping was important, then pore fluid pressure would be expected to increase rapidly in the· reaction zone, the rock strength would decrease, and hydrofracture and fault rupture would then be possible. Ague et al. (1998) indicated that only a small volume of fluid is necessary to trigger a seismic event. Similar results have been reported for earthquake zones elsewhere (Gajewski et al. 1987; Gupta et al. 1996; Zhao et al. 1996) . For example, Zhao et al. concluded that the LRA lies directly below the focal area where the strongest earthquake occurred in Kobe, Japan (1996) .
CONCLUSIONS
This study correlates the resistivity model with the Chi-Chi earthquake-baring structures, raising the important possibility that the existence of a shallow fluid-filled zone in the upper crust below the hypocentral region may have been a possible cause of this earthquake. The low resistivity anomaly below the Chi-Chi hypocenter may have been due to overpressurized, fluid-filled, fractured rock matrix near the bottom of the seismogenic layer. The potential sources of these fluids may be dehydration of minerals, fluids trapped in pore spaces and meteoric water. In the Taiwan area, the subducted ocean crust on the top of the slab may also contribute to the accumulation of fluids in the crust. The existence of overpressurized fluids beneath the seismogenic layer may affect the long-term structural and compositional evolu tion of the fault zone, change its strength of the fault zone, thereby altering the local stress regime. These influences may have enhanced stress concentration in the seismogenic layer leading to mechanical failure, and in this case may have thus contributed to the nucleation of the Chi-Chi earthquake.
Future investigations using other geophysical methods, such as seismic tomography if could reveal low seismic velocity and high Poisson's ratio anomaly, would provide further constraints on this interpretation: the existence of a shallow fluid-filled zone in the upper crust below the Chi-Chi hypocentral region.
